Transcription activator-like (TAL) effectors are encoded by plantpathogenic bacteria and induce expression of plant host genes. TAL effectors bind DNA on the basis of a unique code that specifies binding of amino acid pairs in repeat units to particular DNA bases in a oneto-one correspondence. This code can be used to predict binding sites of natural TAL effectors and to design novel synthetic DNA-binding domains for targeted genome manipulation. Natural mechanisms of resistance in plants against TAL effector-containing pathogens have given insights into new strategies for disease control.
INTRODUCTION
Pathogen-encoded effector proteins are a hallmark of all plant-associated microbes. They are delivered into the host tissue to alter plant processes, suppress immunity, support pathogen growth, and promote the development of disease. Although apoplastic effectors, such as protease inhibitors and chitin-binding proteins of filamentous pathogens, act outside of host plant cells, cytoplasmic effectors of plant-pathogenic bacteria are delivered via specialized secretion systems directly into the host cell. Bacterial effectors are delivered into the host cells by a specialized type III secretion system and have been shown to localize to diverse subcellular compartments, such as the plasma membrane or plastids. Some effectors target the host nucleus, where they reprogram the plant transcriptome. This strategy is extensively employed by pathogenic bacteria of the genus Xanthomonas. Their so-called transcription activator-like (TAL) effectors bind to the DNA of the plant host and activate the expression of genes thought to be beneficial to the pathogen's growth and dissemination. These TAL effectors (also TALEs) have become the focus of intense activity broadly throughout biotechnology because of the ease with which the DNA-binding motif can be programmed to recognize a specific DNA sequence of interest, resulting in bespoke DNA-binding proteins that can carry out a variety of functions. This review focuses on disease resistance mechanisms that have been engineered naturally by plants or synthetically by man on the basis of the unique properties of TAL effectors and the TAL effector code.
TAL EFFECTORS
TAL effectors have a modular structure consisting of three domains with known functions: an N-terminal secretion and translocation domain, a central DNA binding domain, and a C-terminal transcription activation domain that also carries nuclear localization motifs (Figure 1a ) (13) . TAL effectors are remarkably modular; movement and exchange of the different domains have minimal impact on their function, making them exceptionally useful for engineered applications in biotechnology (11, 92, 148) .
The N-terminal type III secretion signal confers secretion and translocation into the host plant cell (Figure 1a) . It is followed by a region that is important for binding to the Xanthomonas type III chaperone protein HpaB (22) . Deletion of 152 amino acids (aa) of the N terminus of AvrBs3 does not affect the function of this prototypical TAL effector in plant cells (123) , and most TAL effector constructs used for biotechnological applications lack the corresponding N-terminal portion.
The C terminus of TAL effectors typically contains three short nuclear localization signals (NLSs) (Figure 1a ), although they may not all be functional (122, 127, 142) . Deletion of two NLSs disrupts virulence and avirulence activities of TAL effectors (82, 122, 123) . The NLSs can function at other positions in TAL effectors, e.g., N-terminal to the DNA binding domain, without affecting DNA binding and transcription activation (11, 87, 92, 148) .
The C terminus also mediates transcription activation of host genes by TAL effectors through an acidic activation domain (AAD) (Figure 1a) (127, 142, 155) . Domain swap experiments have demonstrated that this AAD can be functionally replaced by AADs, such as the viral VP16 or VP64 domains, from other transcription activators (82, 89, 148, 155, 156) .
The central repeat domain is the main hallmark of all TAL effectors, and it confers the DNA binding function and specificity (Figure 1a) . In nature, it has been found to consist of up to 33 repeats of a highly conserved 33-35 amino acid motif, followed by half of a repeat motif (19, 56, 142) . In addition, degenerate repeat motifs with nonspecific DNA affinity, referred to as cryptic repeats, have been identified preceding the first repeat (14, 47, 81, 90) . Electrophoretic mobility shift experiments first demonstrated a DNA binding activity of the repeat domains to specific DNA sequences, referred to variously as UPA (upregulated by AvrBs3) boxes, UPT This set can be used to generate a custom TAL effector that is able to bind to any sequence of choice.
(upregulated by TAL effectors) boxes, or EBEs (effector-binding elements) (64, 71, 104, 105, 133) . Recently, the structures of two TAL effector repeat regions were solved (38, 81) . A cocrystal of the TAL effector PthXo1 with its DNA binding site demonstrates direct DNA binding of a monomeric TAL effector molecule with the sense strand of doublestranded DNA (81) . Each repeat consists of two α-helices connected by a short loop that contains the amino acid(s) that specify DNA binding. Together, the repeats form a right-handed superhelical structure that winds around the major groove of double-stranded DNA (Figure 1b) . Remarkably, the overall structure of the DNA double helix is not significantly bent or otherwise altered.
The TAL Effector Code
The unique utility of TAL effectors stems from the specificity of DNA binding encoded within the repetitive 33-35-aa motifs of the DNAbinding domain. Positions 12 and 13 in each repeat were recognized as significantly more variable among repeats and also among different TAL effector proteins than all other positions and were therefore termed repeat-variable di-residues (RVDs) (16) . For example, despite having an overall divergent structure, the TAL effectors AvrBs3 and AvrHah1 both activate the promoter of the pepper Bs3 resistance gene. The DNA-binding of AvrBs3 has 17.5 34-aa repeats and AvrHah1 has 13.5 34-and 35-aa repeats (111), but they share a similar sequence of RVDs that was shown to confer recognition of common EBE sequences. The identification of AvrBs3-inducible promoter boxes, such as the UPA20 promoter box and the polymorphic Bs3 promoter box, led subsequently to the finding that a colinearity exists between the order of RVDs in a given repeat domain and the DNA sequence to which it binds (64, 65) . Indeed, certain RVDs preferentially bind to specific nucleotides (Figure 1c) , thereby defining a code that has been elucidated both experimentally (14) and computationally (90) . Further studies aimed at identifying the full complement of RVDs and their preferentially bound nucleotides resulted in the following base:RVD specificity preferences as the most common for each nucleotide base: A:NI; C:HD; G:NN or NK; T:NG (81, 87, 89, 116) . The RVD NS and a deletion of the thirteenth aa residue (N * ) function as wildcards with no nucleotide specificity.
Emerging structural data show four different types of association between the RVD amino acid residue and the DNA base (listed by decreasing strength of specificity): directional hydrogen bonds (HD-cytosine); highly complementary packing in the absence of hydrogen bonds (NG-thymine); steric exclusion of alternate bases (NI-adenine); and lack of any side chain at repeat position 13 (N * ), enabling accommodation of any base (38, 81) . These and other studies also elucidated a contribution of nonspecific DNA binding by cryptic repeats within the N terminus (47) . A summary of recent structural studies on TAL effectors can be found elsewhere (80) .
The unique DNA recognition modality of TAL effectors has been rapidly and widely exploited in biotechnology to design and build synthetic proteins comprising DNA-binding domains based on TAL effector repeats fused to various functional elements, including nucleases, activation domains, and repressor domains ( Table 1) . The examples listed in Table 1 demonstrate that a range of domains with varied and useful functions can be successfully targeted to specific locations in the genome with TAL effector DNA binding domains, creating a suite of genome and transcriptome modification tools. These examples further demonstrate that TAL effector-based tools have successfully been implemented in a growing list of organisms that spans bacteria, single-celled eukaryotes, mono-and dicotyledonous plants, insects, fish, and mammals.
Extent of Occurrence of TAL Effectors
TAL effectors seem to have a taxonomically restricted distribution and are found solely in β-and γ-Proteobacteria. The majority of known TAL effectors occur in plant-pathogenic xanthomonads in which several species harbor one or multiple TAL effector-encoding genes and other species have none (see Table 2 and http://www.xanthomonas.org for overview). TAL effector paralogs likely evolve by recombination (142) , and AvrBs3 and AvrBs4 are flanked by inverted repeats, suggesting that they were acquired by horizontal gene transfer (18) .
A small but growing number of TAL effector homologs have now been identified in species of other genera, such as plant-pathogenic Ralstonia solanacearum and Burkholderia rhizoxinica, a fungal symbiont ( Table 3 (Figure 2) , and none of the homologs from R. solanacearum or Burkholderia spp. have been demonstrated to confer DNA binding. However, RVD specificity from the R. solanacearum homolog Brg11 (Genbank identifier: CAD15517.1) has been demonstrated in the context of a 34-aa Hax3 repeat consensus (116) . By contrast to the majority of Xanthomonas TAL effectors, RVDs of Brg11 bind to a very guanine-cytosine (GC)-rich DNA stretch, provided they confer the same specificity in their native context as identified using Hax3 repeats. The nature of the repeats in non-xanthomonad TAL effectors and the functions of these proteins therefore remain cryptic. Recently, Lahaye and coworkers extended our knowledge by uncovering structural, functional, and possibly evolutionary differences of Ralstonia TAL effectors compared with Xanthomonas TAL effectors. The authors report that native Brg11 from R. solanacearum requires a guanine instead of a thymine preceding the EBE element to be able to activate transcription (37) . More generally, a comparison of the repeat consensus reveals that the different genera use different versions of the TAL effector code with distinct sets and frequencies of RVDs. For example, the RVD HN is rarely encountered in Xanthomonas TALEs but occurs frequently in Ralstonia, whereas NI and NS occur commonly in Xanthomonas but have not yet been encountered in Ralstonia. At least one RVD, NK, which occurs at higher frequencies in Ralstonia than Xanthomonas, has been shown experimentally to confer greater binding specificity in a Ralstonia repeat array than in a Xanthomonas repeat array, suggesting co-evolution of RVDs within their backbone (37) . Interestingly, although the overall repeat structure of Burkholderia TALEs is divergent, the use of RVDs in Burkholderia species and Xanthomonas species is similar. However, if co-evolution of RVD and repeat backbone does occur, the behavior of the same RVD in the two backbones may need to be clarified. 
Examples of Crop Losses Caused by Xanthomonads
Collectively, Xanthomonas species cause disease on a large number of agricultural crops worldwide. They are not always the principle diseases of a particular crop, but the species given in Table 2 are among the most damaging (114) . Crop or yield loss figures are difficult to determine accurately and vary considerably among different locations, weather conditions, pathogen races, and crop variety. Losses reported here are qualitative and meant to give ranges of disease impact. Favorable conditions for xanthomonads are often warm, wet climates, such as tropical regions. Rice is one crop that is severely affected by Xanthomonas, by both the vascular species Xanthomonas oryzae pv. oryzae (bacterial blight) and the non-vascular species X. oryzae pv. oryzicola (bacterial leaf streak) (94) . Bacterial blight is one of the most destructive diseases of rice in Asia, where large populations rely on this food staple. Disease epidemics have occurred and infections at the tillering stage can lead to total crop losses (85) . Bacterial leaf streak has typically caused less damage in rice, but in some areas, such as China, it has gained importance (67). Breeding for resistance to both is an ongoing priority, and much of that effort is impacted by the complement of TAL effectors in particular strains.
The impact of one Xanthomonas species, X. citri, on the US citrus industry provides an example of the degree of damage in economic terms. The United States is the third largest citrus producer in the world, with the greatest citrus production occurring in Florida, where the industry has been valued at more than $9 billion (20, 55) . Citrus canker caused by X. citri is now endemic in Florida. The economic consequences of citrus canker include losses of marketable fruit, extra control measures, reduction in fruit production and tree vigor, and a failed eradication effort between 1996 and 2006 that cost $1.2 billion and the destruction of seven million commercial and five million nursery and residential trees (9) . This plant-pest eradication effort rivals the eradication program of barberry, the alternate host to wheat stem rust (Puccinia graminis f. sp. tritici ) (103) . The total costs for control measures and lost revenues due to endemic citrus canker in Florida are more than $300 million each year (120) , and still all control measures attempted to date have proven to be ineffective. In many of the diseases listed in Table 2 , the responsible xanthomonad strains have evolved varying numbers of TAL effectors as important virulence determinants. From a disease resistance perspective, they also provide a basis for resistance mechanisms.
MECHANISMS OF PLANT-EVOLVED DISEASE RESISTANCE TO TAL EFFECTORS

Recognition of TAL Effector Structure by R Genes
Recognition of pathogen-derived molecules is a common mechanism of plant immunity and can occur outside or inside plant cells. TAL effectors are known to be translocated by the type III secretion system into the cytoplasm of host plant cells. Research has revealed that at least three different strategies exist by which resistant plants sense the presence of TAL effectors and react to them (Figure 3, Table 4) .
Recognition of pathogen effectors commonly occurs by plant disease resistance proteins harboring nucleotide binding siteleucine rich repeat (NBS-LRR) domain structures; however, TAL effectors are rarely recognized by this mechanism (Figure 3a) . To date, only one NBS-LRR has been reported to recognize the presence of TAL effectors, the tomato Bs4 protein. Bs4 has an N-terminal TIR (Toll-interleukin 1 receptor) domain and confers the ability to recognize multiple TAL effectors, such as AvrBs4, Hax3, and Hax4 (Table 4) (6, 63, 109) . Bs4 seems to be prevalent in cultivated tomatoes, and its isolation required introgression of a nonfunctional allele that harbors a splice site mutation from Solanum pennellii LA2963, a wild relative of tomato. Bs4-mediated recognition occurs in the cytoplasm and is independent of the TAL effector's localization to the plant nucleus (109) . Bs4 likely perceives a conserved structural element of multiple TAL effectors rather than their activity because severe truncation of AvrBs4, leaving only parts of the N-terminal domain and 3.5 repeat units, is sufficient to trigger a Bs4-mediated localized cell death (109) . In natural infections, AvrBs3 is not recognized 
a Reassigned species designation based on (17), X. campestris pv. campestris strain Xca5 was previously classified as X. armoraciae.
Abbreviations: NBs-LRR, nucelotide-binding site leucine rich repeat protein; RLK, receptor-like kinase protien; TFIIA, transcription factor IIA.
by Bs4; however, overexpression of AvrBs3 in planta does trigger a Bs4-dependent hypersensitive response (HR), pointing to a TAL effector dose-dependent recognition principle (112) . The domain of Bs4 that mediates recognition of multiple TAL effectors is presently unknown because demonstration of complex formation or direct interaction has not yet been achieved.
Suppression of Virulence Functions
Another strategy for plant immunity is to abolish TAL effector function inside the plant. TAL effectors require nuclear import, DNA binding, and subsequent transcriptional activation of plant genes to exert their pathogenic potential. They are dependent on conserved plant helper components and mechanisms, such as importin-mediated nuclear localization (136) . Infrequently, plants have variants of these helper components that are insensitive to the action of TAL effectors. For example, rice with a recessive xa5 allele of the gamma subunit of transcription initiation factor IIA (TFIIAγ), a key component of the transcription preinitiation complex (Table 4) , are resistant to X. oryzae strains carrying the TAL effector gene Avrxa5. A missense mutation present in xa5 may confer resistance by abolishing interaction between DNA-associated TAL effectors and the preinitiation complex, effectively attenuating transcriptional induction of host susceptibility genes (Figure 3b ) (110) . This concept is supported by data demonstrating that the TAL effector AvrXa27 is incapable of inducing transcription of the rice Xa27 gene in an xa5 background (52). However, direct interaction between TFIIAγ and TAL effectors has not yet been demonstrated.
Elucidation of additional genetic differences in susceptibility to TAL effector-containing plant-pathogenic bacteria may result in the identification of further mutations in additional host components, including the transcription apparatus, nuclear import machinery, or other proteins required for TAL effector function. Another example of suppression of TAL effector virulence functions can be found in xa13, a recessive gene in rice that confers resistance against X. oryzae pv. oryzae. When xa13 was fine-mapped, it was found to occur at the locus for Os8N3 (OsSWEET11), a member of the sucrose-efflux transporter family (SWEET) (28, 140) . The observed resistance was found to be associated with sequence polymorphisms in a narrow region of the Os8N3 promoter that make it insensitive to induction by the X. oryzae pv. oryzae TAL effector PthXo1. The region harboring extensive sequence polymorphisms spans the predicted EBE box of PthXo1 (90), likely preventing the induction of this important susceptibility gene and in turn affecting the available carbon for X. oryzae pv. oryzae growth (Figure 3c) (25) or copper redistribution (147) .
Promoter Traps and Executor Genes
The most common strategy for TAL effector recognition in resistant host genotypes makes use of trap promoters coupled to an executor-type resistance gene (E-gene) (Figure 3d) . Induction of executor genes triggers a localized cell death response known as the HR, a common and effective mechanism of plant immunity against various pathogens (128) . Trap promoters have evolved recognition sites for specific TAL effectors so that, upon infection, the introduction of that TAL effector trips expression of the executor gene and limits pathogen growth. The first E-type resistance gene shown to be triggered by a TAL effector was the rice Xa27 gene, which contains a binding site for the X. oryzae pv. oryzae TAL effector AvrXa27 in its promoter (53) ( Table 4 ). The mechanism of Xa27 action is unknown, but this novel 113 amino acid protein effectively confers resistance to X. oryzae pv. oryzae strains carrying AvrXa27 and X. oryzae pv. oryzicola (57) .
Another example of an E gene is the Bs3 gene isolated from the pepper cultivar ECW-30R, which confers resistance to Xanthomonas euvesicatoria strains carrying AvrBs3 ( Table 4) . The cloning of the Bs3 gene revealed that it encodes a protein of unknown function having similarity to YUCCA flavin monooxygenases but lacking a domain common to other family members (104) . As with Xa27, expression of Bs3 results in HR and the mechanism of action is also unknown. Bs3 appears not to be expressed in the absence of Xanthomonas strains (104), but it is selectively and specifically induced by AvrBs3 as well as by AvrHah1, a TAL effector from Xanthomonas gardneri (111) . Thus, the Bs3 gene conditions resistance both to X. euvesicatoria and X. gardneri, two distinct pathogens that cause bacterial spot on pepper ( Table 2) . As detailed above, AvrHah1 and AvrBs3 have distinct overall structures, but the DNA recognition sequence encoded by their RVDs is identical at 10 of 14 positions (111) . The convergence of the binding specificity of these two disparate effectors suggests they target the promoter of a common host gene that plays an important role in susceptibility.
Additional Modes of Recognition?
Recently, the X. citri TAL effector AvrTaw was reported to trigger HR in tomato; however, whether this is also conferred by Bs4 and occurs in an NLS-independent manner is not yet known (106) . Another example of an unresolved mode of recognition is the genetic interaction between AvrXa3 from X. oryzae pv. oryzae (70) and rice Xa3, which encodes a receptor-like kinase (RLK) (Table 4) (121, 138) . It's possible that AvrXa3 enhances expression of Xa3, resulting in an amplified resistance response to X. oryzae pv. oryzae, thus resembling an executor type of resistance mechanism. The alternative that Xa3 and AvrXa3 interact in a receptor-ligand fashion is less likely, as the specificity-providing domain of Xa3 is its extracytoplasmatic LRR (152) , whereas AvrXa3 is delivered by type III secretion directly into the cytoplasm and the two proteins are separated by the plasma membrane. Research on these and other uncharacterized TAL effectors might reveal additional modes of recognition and may allow the development of alternative strategies for resistance engineering.
MECHANISMS OF ENGINEERED DISEASE RESISTANCE BASED ON TAL EFFECTORS
Using the knowledge of TAL effector biology and the naturally evolved resistance mechanisms in plants described in the previous section, scientists have begun to design and test novel mechanisms of resistance. Moreover, these approaches further exploit the unique nature of TAL effectors by making use of the toolbox of genome and transcriptome modification tools exemplified in Table 1 . Below is a discussion of ways in which TAL effectors might be used to engineer plant disease resistance by exploiting mechanisms of TAL effector recognition of host genes and host recognition of TAL effectors, and by using TAL effector DNAbinding domains fused to other functional protein domains such as nucleases. Some strategies are only effective against TALE-containing bacterial strains. However, as shown in Table 2 , a significant number of economically important strains carry at least one TAL effector.
Recognition of TAL Effector Structure by R Genes 2.0: Mutate R Genes to Identify Conserved TAL Effector Features
As detailed above, the NBS-LRR disease resistance protein Bs4 mediates recognition of multiple unrelated TAL effectors. Strikingly, a truncated AvrBs4 variant lacking NLSs and most of the repeat region also triggers an HR in a Bs4 genetic background (6) . This suggests that physical features rather than transcription activation trigger Bs4 perception of TAL effectors. The Bs4 protein is also capable of recognizing AvrBs3 if present at high enough levels when expressed under the strong constitutive 35S promoter (112) . This expression level-dependent recognition of AvrBs3 by Bs4 further supports the notion that diverse TAL effectors may be recognized by Bs4 with different affinities, suggesting a direct receptor-ligand type of recognition in the host cytoplasm. However, the X. campestris pv. campestris TAL effector Hax2 is not recognized by Bs4 even when overexpressed, suggesting that some differences in its structure may exceed the breadth of recognition by Bs4 (63).
Farnham & Baulcombe (44) demonstrated that mutagenesis of the NBS-LRR gene Rx can result in extended recognition specificity. Applying this approach to Bs4 might extend the affinity and hence lower the concentration threshold of recognition in plant cells in typical infections. This outcome could also result in an extended recognition spectrum that would encompass additional, less structurally conserved TAL effectors.
Suppression of Virulence Functions: Mutate Promoters of Susceptibility Genes or Knockout Coding Sequences
By identifying particular TAL effectors required for virulence, strategies can be employed to impair their manipulation of susceptibility genes. Historically, evidence for genes targeted by TAL effectors has come from identification of recessive resistance genes after screening the natural diversity of a plant species (104) . Screening for recessive resistance depends on the availability of natural variants in a collection of germplasm. Integration of computational and transcriptional approaches for the identification of TAL effector targets allows the researcher to quickly focus on candidate EBE boxes in the promoters of virulence targets. Once validated, the EBEs provide an opportunity for finding or creating insensitive promoters, as in the case of xa13/Os8N3 (OsSWEET11). This goal can be achieved by allele mining using natural variation (EcoTILLING) (29) Using transcription activator-like (TAL) effector knowledge to engineer resistance to Xanthomonas. (a) Customized TAL effector pairs fused to FokI nuclease domains are used to mutate a TAL effector-binding element (EBE) upstream of a key host susceptibility (S) gene. The nonhomologous end-joining repair system of the plant fills the gap, resulting in deletions and small insertions of base pairs. Plants with disrupted EBEs are selected, wherein Xanthomonas can still inject TAL effectors, but they can no longer activate expression of the host susceptibility gene and disease development is prevented. (b) EBEs for TAL effectors occurring in pathogen strains are deduced and introduced into promoters driving executor (E) genes.
of novel alleles using mutagenesis [TILLING (83) or MutMap (1)]. Perhaps the most compelling approach involves transcriptor activator-like effector nuclease (TALEN)-mediated gene editing, using Sun Tzu's principal of using the enemy against itself (Figure 4a) . This approach has now been successfully applied in rice to another SWEET gene (Os11N3) implicated as a susceptibility factor to X. oryzae pv. oryzae. A further example is the creation of rice with alleles that are insensitive to PthXo3 induction (73) . The limitation in this method is finding candidate host genes that are crucial to virulence and do not have additional, functionally redundant copies. Also promoter alterations should not impact normal housekeeping functions. Lastly, genes which are most critical to pathogen virulence may be the target of more than one TALE protein, as in the case of the rice Os-11N3 gene (4, 146) . Additional approaches can be tested in which virulence is suppressed by keeping expression of susceptibility genes repressed using a transcriptional repressor domain fused to the cognate TAL effector DNA-binding domain, or simply a DNA-binding domain alone may be adequate to compete for binding with the critical TAL effector. Lastly, it may be possible to disrupt the gene by deleting or altering coding sequences. These latter approaches can only work on susceptibility genes that lack necessary housekeeping functions in the host plant.
Elaborated Promoter Traps
An understanding of the mechanism of the promoter-trap executor gene resistance of Xa27 and Bs3 lends itself to a simple extension of this principle: to engineer resistance by introducing one or more synthetic EBEs into an executor gene promoter to trigger resistance against pathogens that inject TALEs into plants cell during infection (Figure 4b ). This principle can be further extended by combining EBEs for multiple TAL effectors from individual and different pathogens strains and species into one promoter to confer broad-spectrum resistance.
The efficacy of this approach was first tested by adding two EBE boxes to the promoter of the Bs3 gene, creating an engineered promoter with three distinct TAL effector-binding sites (105) . These sites include the native binding site for AvrBs3 and additional sites designed as targets for binding by AvrBs3 rep16, which is from the pepper pathogen X. euvesicatoria, and AvrXa27, which is from the rice pathogen X. oryzae pv. oryzae. Engineered promoter constructs driving expression of Bs3 were tested in transient assays in Nicotiana benthamiana together with the pepper and rice TAL effectors, and each was found to retain function and specificity in the new promoter context. This result demonstrated that recognition by a TAL effector-activated resistance gene could be expanded to multiple additional effectors and pathogens to create broader race-specific resistance using pathogen-inducible promoters. However, this proof of concept study did not test whether the approach could reduce pathogen growth.
Use of an engineered pathogen-inducible promoter trap was subsequently shown to confer disease resistance in rice. Hummel et al. (57) showed that adding six EBEs that correspond to three TAL effectors from Xoo and three from X. oryzae pv. oryzicola into the Xa27 promoter resulted in a gene inducible by all six of the TAL effectors and plant lines resistant to both pathogens. This demonstrates that Xa27-mediated cell death was effective against two diverse species of Xanthomonas that inhabit different plant compartments, vascular and nonvascular. This study also reported that the distribution of EBEs in rice promoters was nonrandom, indicating that selective pressure may favor TAL effectors that target endogenous host regulatory elements. In such a case, a promoter trap might show spurious induction of executor genes by host transcription factors. In this instance, the engineered promoter did not appear to show spurious expression. As with the native Xa27 and Bs3 genes, very tight regulation of this engineered resistance is a key part of this resistance mechanism.
New Executor Genes
Compared with NBS-LRR resistance genes, which can number into the thousands in some species (68, 149) , far fewer examples are known of disease resistance conferred by effector-triggered transcriptional induction of executor genes. However, a recent report should pave the way for more executor-type genes to be discovered (115) . The Bs4C gene from Capsicum pubescens was identified and cloned using RNA-Seq by capitalizing on the unique expression pattern of the gene (NB; this gene and its resistance mechanism is distinct from Bs4 from tomato, the NBS-LRR gene discussed above). Because Bs4C, like other executor genes, must be stringently repressed in healthy leaves in the absence of a pathogen, gene candidates could be identified by expression only in resistant pepper lines exposed to AvrBs4 but not in untreated resistant plants or susceptible plants. Indeed, Bs4C was readily identified using this approach and was cloned despite the large, unsequenced genome of this plant species. The RNA-Seq method can now be used to facilitate rapid cloning of TAL effector-triggered executor-type R genes from a broader range of crop plants.
It might be desirable to expand the scope of genes functioning as executors to match the needs of different situations. In some cases, it may be desirable to slow down or speed up the timing of the HR or to effect the amplitude of response. Other genes that may be useful beyond those that directly produce a hypersensitive cell death are effectors or auto-active NBS-LRR genes that trigger signal transduction pathways that lead to HR. It may be possible to improve responsiveness by multiplying the number and/or type of executor genes or EBEs in promoters to cause synergistic activation.
As with naturally occurring executor genes, engineered versions must be tightly regulated to avoid inappropriate expression. Further experimentation will determine the degree to which this is a problem in practical application, and further design of novel executors or tissuespecific expression may improve the utility of this approach.
Novel Resistance Mechanisms Based on Genome Editing
In plants, the generation of a double-stranded break in DNA is known to increase the frequency of homologous recombination from a background level of at most 10 −3 -10 Introduction of novel (nonnative) resistance genes and stacking multiple genes at a preferred site. Plant disease resistance genes of the NBS-LRR class directly or indirectly recognize pathogen effectors (39) . Thus, the breadth of resistance provided by a particular R gene depends on the effector whose action it recognizes; the more conserved the effector is in a pathogen population, the greater the number of isolates of the pathogen that are recognized by that R gene. Moreover, the more essential the effector is to the pathogen, the less likely the corresponding R gene will break down and lose efficacy in the field because the recognized effector has mutated or simply been lost. Given that the efficacy and durability of an R gene is a property of its cognate pathogen effector, it's likely that deployment of multiple R genes will enhance efficacy and durability of resistance in most cases. Colocalizing such stacked R genes is desirable because it vastly simplifies their deployment in breeding programs, but stacks can only be achieved by transgenic methods (137, 154) . In many cases, crop germplasm already contains one or more useful R genes, and it is desirable to add additional genes at a single locus. A stack comprising endogenes and transgenes at the same locus can only be achieved by targeted insertion based on homologous integration.
The insertion sites of a transgene can have a significant impact on its expression (86) . Therefore, an important development in plant engineering is the ability to target a transgene to a known location that is characterized as having adequate expression and does not disrupt an endogenous gene function. Once such safe harbor sites are identified, they can be targeted using homologous recombination with TALbased nucleases or alternative genome modification technologies and used again and again. Use of well-characterized insertion sites may also simplify some aspects of the regulatory approval process for transgenes developed as trait products.
Restore defeated R genes against any effector. Evolution is a constant force in plant-pathogen interactions, and plant disease resistance genes put pressure on pathogens to evolve in order to survive. When pathogens do evolve, the pathogen is able to regain some or all virulence on resistant hosts by eliminating or altering specific effectors (e.g., pepper X. euvesicatoria strains-avrBs2) (49) , and the previously effective resistance is deemed to be defeated. Even relatively weak R genes may have useful activity in combination with others (125) , and resistance may be restored by making compensatory changes in R-gene structure to match evolved effectors, thereby restoring activity. The potato NBS-LRR R3a mediates recognition of alleles of AVR3a, an effector of Phytophthora infestans, the causal agent of potato late blight. Isolates have evolved that harbor AVR3a variants that escape recognition by R3a (130) . However, Segretin & Kamoun (S. Kamoun, personal communication) recently identified single amino acid variants of R3a with an expanded recognition spectrum that hold promise for the control of late blight. Using altered effectors as screening tools, functional R gene alleles can be sought by testing mutagenized versions of the original resistance gene. Alternatively, homologs (paralogs) that recognize evolved effectors may be sought in wild relatives or even unrelated species. R genes with the appropriate recognition can be introduced transgenically, or critical amino acid changes can be introduced into the original sequence in situ using next generation gene editing via targeted TAL nucleases (61) . The advantage of the latter cases is that plants may not be considered as transgenic; however, as with any type of mutation breeding, it is necessary to ensure that any changes to the native sequence do not have negative effects, such as loss of the original effector specificity or autoactivation.
Destroy pathogen genomes. Strategies based on TAL effectors could be effective for limiting crop losses due to viruses around the world. The ease of use and specificity of TAL DNA binding makes direct targeting of designer TAL proteins against pathogen genomes a promising approach. However, unlike animal viruses, which are composed predominantly of double-stranded DNA, the majority of plant viruses have single-stranded RNA genomes. Except for one recent report of TAL effectors binding to a DNA-RNA hybrid molecule (144) , TAL effectors are typically known to bind to double-stranded DNA. There are only very few double-stranded DNA plant viruses; however, one of the largest and most economically important groups are the geminiviruses, which are single-stranded DNA but go through a double-stranded DNA rolling circle replicative stage. Examples include Maize streak virus, Tomato yellow leaf curl virus (TYLCV), and African cassava mosaic virus. Antiviral approaches to such viruses based on TAL effectors could be achieved in different ways. Rolling circle replication is initiated at an origin of replication that could be occluded in transgenic plants expressing one or more TAL DNA binding domains designed against this sequence. In addition, TAL nucleases could be designed to cleave one or more sequences within the viral genome. Deletion or mutagenesis of host genes has been accomplished based on zinc finger proteins in plants (97, 113) and against TYLCV (124) . In mammalian cells, zinc finger nucleases, TAL nucleases, and meganucleases specifically targeting viral sequences, such as hepatitis B virus (31) and herpesvirus (132) , are being studied, providing a model for similar approaches in plants.
Transgenic plants engineered with TAL DNA binding domains or TAL nucleases targeted against the specific DNA of other pathogens may also be feasible, provided such molecules can be delivered to the pathogen, for instance, through feeding in nematodes or by transfer across haustorial membranes to fungi or parasitic plants.
CONCLUSIONS
TAL effectors affect plant processes in unique ways and the interaction between pathogen and host is now well understood in several specific cases. This knowledge provides a basis for devising strategies for overcoming TAL effector-based virulence, exploiting TAL effector-triggered resistance, and using TAL effector fusion proteins to engineer genomes for the specific purpose of aborting or limiting pathogen infection. TAL effectors have been shown to be a useful tool for genome engineering and synthetic biology in multiple systems. Indeed, their impact beyond plant pathology could arguably be the most significant of any discovery in this field. DISCLOSURE S.S. is an inventor on pending patent applications related to the TAL effector code and its uses, and Two Blades Foundation has licensed this intellectual property estate to multiple partners for commercial applications in plants.
